We report an anomalous electro-optic effect that results in laser scanning along the polarization direction of strontium barium niobate (Sr 0.6 Ba 0.4 Nb 2 O 6 , or SBN:60͒ single crystals under external fields. The origin of such unusual phenomenon is believed to arise from inhomogeneous index gradients near the crystal surfaces, possibly arising from space-charge fields. Based on this effect, two-dimensional scanning is demonstrated by using a combination of SBN:60 single crystal ͑for vertical scanning; full scan angle of 0.79°Ϯ0.07°͒ and lithium tantalate (LiTaO 3 ) ͑for horizontal scanning; full scan angle of 3.68°Ϯ0.14°͒.
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Ferroelectrics are the most commonly used materials for electro-optic tunable devices. [1] [2] [3] [4] [5] Electro-optic devices, such as prisms, 6 cylindrical lenses, 7, 8 and gratings 9 have been realized by domain patterning in the ferroelectric materials, such as LiNbO 3 and LiTaO 3 , by selectively inverting domains by 180°using external electric fields. Sr 0.6 Ba 0.4 Nb 2 O 6 ͑SBN:60͒ crystals have been of interest [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] because of its large electro-optic and piezoelectric coefficients. In this letter, we report the observation of an anomalous electro-optic effect along the ferroelectric polarization direction in SBN:60. We then use this effect by employing SBN:60 for vertical scanning in tandem with a conventional LiTaO 3 scanner for horizontal scanning to demonstrate a twodimensional ͑2-D͒ laser scanning system.
Tetragonal SBN:60 single crystal samples of c-cut orientation, ͑polarization direction, c approximately along the thickness of the slice͒, and optical grade were commercially obtained from Rockwell Scientific Company. These were first uniformly domain inverted ͑or poled͒ along the c ͓͑001͔͒ direction using water electrodes at room temperature, or Au or Ta electrodes at 22Ϯ1°C to create a single-domain state. The spontaneous polarization P s ϳ19Ϯ1 C/cm 2 , and the coercive field E c ϳ1.9 kV/cm, for domain reversal were determined using transient current measurements during poling. 20 The measurement setup was calibrated using LiNbO 3 crystals. The literature values for SBN:60 crystals are P s ϳ23-28 C/cm 2 and E c ϳ2.2-2.5 kV/cm. The discrepancy may be due to small differences in composition, or the manner in which P s is determined using background subtraction and charge integration of transient currents during poling. ͑We have subtracted a total background charge of ϳ4 C/cm 2 by subtracting the observed transient current after the poling is complete.͒ Piezoelectric constant d 33 was measured to be ϳ150 pC/N, which compares well with reported values of 140-180 pC/N. 21, 22 We now describe the observed anomalous electro-optic effect. Below, the lab coordinates defined as (x,y,z), ͓inset of crystal along the light propagation direction y. The crystal dimensions were 1.05 mm thick along electric field direction z, and 15.0 mm long in the light propagation direction y. The intensity of the light at the focus is ϳ1.9 mW/cm 2 with a beam waist of ϳ80 m. Care was taken not to clip the laser beam at the input or output apertures of the crystal. A series of square wave voltages with a fixed negative swing of Ϫ0.95 kV/cm ͑opposite to the polarization direction but less than coercive field͒ and variable positive swing at 1 Hz frequency were applied to the crystal.
Laser scanning was observed along the vertical direction ͓z axis in the inset of Fig. 1͑a͔͒ with applied field. The scan angle was calculated as total scan angle. This effect suggests the presence of an index gradient in the thickness direction, which is unexpected purely from a linear electro-optic effect that is expected to create a uniform index change ⌬n e ϭr 33 E 3 throughout the crystal thickness, where subscript ''3'' denotes the c axis of the crystal, r 33 is the electro-optic coefficient, and E 3 the applied field. This observed effect is therefore called anomalous, in this letter. Figure 1 shows the vertical scanning with the beam passing through the crystal with different distances (h) from the top surface (ϩc) of the wafer. The scanning angles are the vertical scanning angles from positive voltages ͑parallel to the polarization direction͒ to 0 voltage. The scanning angles change as the incident beam moves from near the top surface ͑electrical ground͒ to the bottom surface ͑positive voltage͒, decreasing as the incident beam approaches the center of thickness of the crystal. In general, vertical scanning angles were observed to strongly depend on the domain reversal history of the sample. While the systematic trend in this dependence is yet to be established, in this study, the maximum scanning angle for light polarized along the c axis varied between 0.1°-0.4°f or a triangular wave form oscillating between Ϫ0.95 to ϩ5 kV/cm field applied to the crystal at 1 Hz frequency. The maximum scanning angle for ordinary polarized light ͑per-pendicular to the c axis͒ was ϳ0.07°for a 8.25 kV/cm field.
This vertical scanning was also tested at frequencies up to 2 kHz, the upper limit determined by the current limit of our power supply ͑2 mA͒, as well as by the device packaging. The setup is shown in Fig. 2 ͑inset͒. A slit was placed in front of a silicon photodetector, and the laser beam scanned across the slit with a triangular wave-form voltage. The frequency of the modulated light is within 1.0% of the frequency of the applied electric field. The scanning angle decreases by ϳ3.5% from 100 Hz to 2 kHz. Under dc fields, temporary drifting of the laser beam is observed ͑even when the field is constant͒ followed by the beam coming to rest at a maximum deflection angle proportional to the field value. This drifting is detectable up to 100 Hz, resulting in the variance of the scan angle with field, seen in Fig. 1 . This drifting is not detectable in our study ͑Fig. 2͒ above 100 Hz.
The origin of this vertical scanning is presently not clear. We now discuss the following possibilities for the origin of this unusual phenomenon: ͑1͒ the orientational miscut of the crystal, ͑2͒ the piezoelectric bending of SBN:60 crystal, and ͑3͒ space-charge effects.
Using x-ray rocking curve experiments, the largest offset of the crystallographic c axis of SBN:60 from the thickness direction z of the crystal was 2.8Ϯ0.1°. Such a miscut results, in general, in the presence of all electric-field components E a , E b , and E c along the three crystallographic directions of SBN:60. With external electric field on, the electrooptic coefficient r 15 would rotate the principle axes and change all three of the principle indices of index ellipsoid to be unequal. Thus, the crystal becomes strictly biaxial and the incident beam splits into two extraordinary polarized light beams. Since the offcut is small and the incident polarization is almost parallel to the c axis, one of these extraordinary beams dominates. While this beam travels through the crystal, its Poynting vector deviates from a straight-line path within the c -b plane. This deflection of the energy propagation direction inside of the crystal is a function of the external field, and hence vertical scanning can occur at the same frequency as the external electric field. If an additional positive curvature of the output edge of the crystal ͑measured radius of curvature was Rϭ40 cm) due to edge polishing is considered as well, the vertical scanning angle would be about 4.2ϫ10 Ϫ4 degrees for an applied field of 5 kV/cm. This value is several orders of magnitude smaller than the magnitude of the observed anomalous vertical scanning in our experiment (0.1°-0.4°). Further, orientational effects are fixed for a given sample; however, we observe large changes in scan angle with in situ domain reversals. Hence the role of the off-cut in the crystals and the curvature of the output face during the polishing can be ignored as the primary reasons for the observed vertical deflection. SBN:60 also has large piezoelectric coefficients, elastic compliance constants and relative dielectric constants. 23 With the applied electric field along the c axis of the crystal, the thickness and length of the electric field will expand or shrink under no-clamp conditions. In the frequency range of ϳ100 kHz, only longitudinal modes and radial modes exist. However, with asymmetric clamp conditions, such as for instance, the top electrode surface of the crystal being free, and the bottom electrode surface of the crystal totally clamped, a bending mode will arise.
Experimental dielectric measurements indicate a first resonance peak around 28.87 kHz, which was confirmed to be a bending mode by using a detailed ATILA software based simulation of our packaged device. Due to the bending mode, the incident plane of the crystal will bend with the same frequency as the electric field. If the bending of the   FIG. 2 . The detection of vertical scanning of laser light using inset geometry at an applied field ͑solid line͒ frequency of 2 kHz. For each complete scan cycle, two maxima in detector intensity ͑circles͒ is expected, as observed earlier, indicating that vertical scanning can operate at 2 kHz.
crystal occurs along the light propagation direction (y) such that the two surfaces concentrically bend with a radius of curvature, the input and output edges are no longer parallel, but tilt towards each other by an angle 2␦. Then, under paraxial approximation, the deflection angle of the light beam traveling through in the y directioncan be simply estimated as ϭ2␦(nϪ1), where n is the refractive index of the crystal. SBN:60 crystal is a negative uniaxial crystal (n o Ͼn e , n e ϭ2.27, n o ϭ2.33). Based on this equation, theoretically, ordinary (o) light would scan more than extraordinary (e) light with the same external electric field due to this piezoelectric effect. However, we observe that only e light shows any noticeable vertical scanning (0.02°to 0.08°/kV), whereas o light shows very small vertical scanning ͑angles of 0.008°/kV) in a 1.05-mm-thick crystal. This conflicts with the proposed piezoelectric bending mode argument. With 900 V on the sample, the expected scanning angle is ϳ1.78ϫ10 Ϫ5 degrees, which is still several orders lower than the experimentally observed scanning angles of ϳ0.3°-0.8°at these fields.
This unusual vertical scanning therefore suggests that there is an inhomogeneous internal electric field along the applied electric field direction inside the material. Due to its photorefractive property, space charges can be created inside SBN:60 single crystals, giving rise to an inhomogeneous electric field inside the crystal along the applied electric field direction. This would give rise to index gradients along the thickness direction through the electro-optic effect. Further studies to test this hypothesis are underway.
Combining the horizontal scanning from a LiTaO 3 crystal and the vertical scanning from SBN:60, 2-D scanning was demonstrated ͑Fig. 3͒. The lithium tantalate scanner used here is described in detail in Ref. 1 . The output laser beam from He-Ne laser was expanded into collimated beam by using a combination of 50 and 100 mm focal length planar convex lenses, and then focused by a 200 mm planar convex lens into a 40-m-diameter beam at the waist. The dimensions of SBN:60 crystal used was 15 mmϫ14.5 mm ϫ1.03 mm. By applying step voltages of ϩ850 or Ϫ50 V on a 1.0-mm-thick SBN:60 crystal, and voltages of Ϫ1, Ϫ0.5, 0, 0.5, and 1 kV on a 294-m-thick LiTaO 3 crystalbased scanner, ten distinct beam spots were obtained ͑Fig. 3͒. The total vertical scanning angle is 0.79Ϯ0.07°. The total horizontal angle is 3.68°Ϯ0.14°.
In summary, the anomalous vertical scanning was observed along polarization direction in ferroelectric strontium barium niobate 60 ͑SBN:60͒ crystal, which was successfully tested up to a 2 kHz frequency, Such vertical scanning angles varied from sample to sample, as well as domain reversal history. The origin of such unusual phenomenon is not fully understood as yet, but believed to arise from inhomogeneous index gradients near the crystal surfaces, possibly arising from space charge fields. A 2-D scanner system was also successfully demonstrated by combining a lithium tantalate based horizontal scanner and a SBN:60 based vertical scanner. Further investigation of this unusual vertical scanning, and integration of both dimensions of scanning on the same SBN:60 chip are underway.
